Prenatal stress (PS) and maternal exposure to exogenous glucocorticoids can lead to permanent modification of hypothalamo-pituitary-adrenal (HPA) function and stress-related behaviour. Both of these manipulations lead to increased fetal exposure to glucocorticoids. Glucocorticoids are essential for many aspects of normal brain development, but exposure of the fetal brain to an excess of glucocorticoids can have life-long effects on neuroendocrine function. Both endogenous glucocorticoid and synthetic glucocorticoid exposure have a number of rapid effects in the fetal brain, including modification of neurotransmitter systems and transcriptional machinery. Such fetal exposure permanently alters HPA function in prepubertal, postpubertal and ageing offspring, in a sex-dependent manner. Prenatal stress and exogenous glucocorticoid manipulation also lead to the modification of behaviour, brain and organ morphology, as well as altered regulation of other endocrine systems. It is also becoming increasingly apparent that the timing of exposure to PS or synthetic glucocorticoids has tremendous effects on the nature of the phenotypic outcome. Permanent changes in endocrine function will ultimately impact on health in both human and animal populations.
The ability of the early environment to modify hypothalamo-pituitary-adrenal (HPA) function in adulthood was described nearly 50 years ago (Levine, 1957) . However, more recent human epidemiological evidence indicating that the fetal and early postnatal environment can influence susceptibility to later disease (Barker, 2002) has rejuvenated the field. Such observational studies have revealed that plasma cortisol levels in adulthood are correlated with birth weight and risk for glucose intolerance, hypertension, and dyslipidaemia (metabolic syndrome) (Levitt et al. 2000; Barker, 2002; Ward et al. 2004b) . As a result of these associations, it has been proposed that programming of the HPA axis in utero is linked to the development of cardiovascular disease, insulin resistance and diabetes in later life (Ward et al. 2004a; Phillips et al. 2005) .
A considerable array of manipulations in early development have been shown to permanently modify the This report was presented at The Journal of Physiology Symposium on Endocrine Mechanisms, Toronto, Canada, 17 November 2005. It was commissioned by the Editorial Board and reflects the views of the authors. development and subsequent function of HPA function in newborn, juvenile and adult offspring of many species. These include primates, guinea pigs, sheep, cattle, goats, pigs, rats and mice. Broadly, these can be split into prenatal and postnatal manipulations. Examples of prenatal manipulation are prenatal stress (PS), exposure to synthetic glucocorticoids and nutrient restriction. Postnatal manipulations that modify HPA function in adult offspring include neonatal handling, maternal deprivation, modified maternal behaviour, exposure to synthetic glucocorticoids and infection. In this review, focus will be placed on the impact of PS and prenatal exposure to synthetic glucocorticoids on HPA function after birth. These manipulations have considerable clinical implication given the prevalence of maternal anxiety/stress during pregnancy and the incidence of preterm labour which necessitates the use of antenatal glucocorticoid therapy to promote fetal lung maturation.
Why do mammals have the ability to programme HPA function and behaviour in their offspring? This is best conceptualized in animal populations. A pregnant animal exposed to a hostile environment requires increased vigilance (e.g. high predation) for survival. It is therefore logical for a 'stress' signal to be transmitted to the fetus which by programming development of the fetal HPA axis and stress-related behaviour leads to an enhanced ability to survive after birth. As humans, perhaps we have inherited a sophisticated mechanism to adapt our offspring to the environment into which they are to be born. However, if this process is set in motion by a compromised or modified pregnancy (e.g. placental insufficiency, stress, nutrient restriction or glucocorticoid treatment), whether or not this is related to the environment into which the fetus will be born, the outcome will be modification of endocrine, behavioural, cardiovascular and metabolic regulation.
HPA axis development
The timing of maturation of the HPA axis relative to birth is highly species specific and is linked to landmarks of brain development (Dobbing & Sands, 1979) . In animals that give birth to mature young (primates, sheep and guinea pigs) maximal brain growth and a large proportion of neuroendocrine maturation takes place in utero (Dobbing & Sands, 1979; Matthews, 1998; Challis et al. 2000) . In contrast, in species that give birth to immature young (rats, rabbits and mice), much neuroendocrine development occurs in the postnatal period. As a result, fetal/neonatal manipulations will impact on different stages of neuroendocrine development depending on the species studied.
Rapid maturation of HPA function occurs during fetal life in many mammalian species (for review, see Challis et al. 2000; Matthews, 2002) . There are exponential increases in fetal plasma cortisol concentrations in the last 10 days of gestation in humans, horses, pigs, sheep and guinea pigs (Fowden et al. 1998) Figure 1 . The hypothalamo-pituitary-adrenal (HPA) axis Parvocellular neurons in the PVN produce corticotrophin-releasing hormone (CRH) and vasopressin (AVP), which in turn stimulate adrenocorticotrophin (ACTH) synthesis and release from the anterior pituitary corticotroph cells. ACTH then initiates the production and release of cortisol from the adrenal cortex. Glucocorticoids act at multiple loci within the body to maintain homeostasis, but also act in the brain to modify behaviour and learning. Due to the damaging effects of extended glucocorticoid exposure the HPA axis is tightly regulated. Glucocorticoids feedback, via glucocorticoid and mineralocorticoid receptors in the limbic system and glucocorticoid receptors in the PVN and anterior pituitary, to decrease HPA activity. POMC, pro-opimelanocortin.
ACTH precede those of cortisol, consistent with the role of adrenocorticotrophin (ACTH) in adrenal development (Challis et al. 2000; Owen & Matthews, 2003) . Fetal plasma ACTH and corticosterone concentrations also increase significantly in species that give birth to immature young (rats and mice), but changes are of a lesser magnitude. In these rodents, a critical phase of HPA development occurs after birth: the stress-hyporesponsive period (Sapolsky & Meaney, 1986) . It is likely that this phase occurs prenatally or perinatally in precocious species.
The near-term elevation of fetal plasma ACTH concentrations in the presence of high circulating glucocorticoid is somewhat paradoxical, as glucocorticoids are known to negatively feedback on HPA axis function in the fetal sheep and guinea pig ( Fig. 1) (Matthews & Challis, 1995; Unno et al. 1998; McCabe et al. 2001) . Detailed analysis has identified increased central drive at the level of the fetal paraventricular nucleus (corticotrophin-releasing hormone and arginine vasopressin) in late gestation (Myers et al. 1993; Matthews & Challis, 1995; Butler et al. 1999) , and this coincides with an alteration in glucocorticoid feedback sensitivity at a number of levels within the HPA axis (Andrews & Matthews, 2000; Owen & Matthews, 2003; Setiawan et al. 2004) . The prepartum surge of circulating fetal glucocorticoid is vital for the development of many organ systems including the lung, liver and kidney (Liggins, 2000) . This surge is also critical for normal brain and neuroendocrine development. Indeed, we have recently identified that there is a very dramatic elevation in transcriptional activity (inducible nerve growth factor A (NGFI-A) expression) in the hippocampus in the approach to term and that this significantly correlates with fetal plasma cortisol concentrations (Fig. 2) . Further, premature exposure of the fetal brain to glucocorticoids increases hippocampal NGFI-A expression, suggesting that glucocorticoids are involved in pre-birth hippocampal activation . The functional significance of this process remains to be determined.
Development of glucocorticoid receptors and mineralocorticoid receptors
In guinea pigs, glucocorticoid receptor (GR) and mineralocorticoid receptor (MR) mRNAs are present in the fetal cortex and all regions of the hippocampus and dentate gyrus by gestational day 40 (term ∼70 days). There is a dramatic increase in hippocampal GR mRNA between gestational days 40 and 50, but a decrease in MR mRNA levels indicating differential developmental regulation (Matthews, 1998; Owen & Matthews, 2003) . After 50 days of gestation, hippocampal GR mRNA and protein levels increase to a peak at term, with little further change in MR. Given that there is a reduction in glucocorticoid feedback sensitivity in late gestation, an increase in hippocampal GR expression is counterintuitive. However, recently we have identified that other aspects of steroid receptor signalling may be altered at this time. There is a significant decrease in the expression of steroid receptor coactivator-1 (SRC-1) mRNA and protein over the second half of gestation in the fetal guinea pig hippocampus . Steroid receptor coactivators enhance the transcriptional activity of a number of nuclear receptors through histone acetyltransferase activity and the recruitment of other basal transcription machinery (Spencer et al. 1997; Meijer et al. 2000; Meijer, 2002) . A decrease in SRC-1 levels may contribute to increased fetal HPA activity in late gestation by decreasing glucocorticoid signalling in the hippocampus even in the presence of rising GR levels. In the paraventricular nucleus (PVN), GR mRNA levels are higher at gestational day 40 than at any other stage of fetal or postnatal life, directly contrasting the situation in the hippocampus. Near term, there is a dramatic reduction (50%) in GR mRNA in the guinea pig (Matthews, 1998; Owen & Matthews, 2003) . We have shown a similar decrease in GR mRNA in the fetal sheep PVN near term (Andrews & Matthews, 2000) . Such a decrease in GR expression in the PVN would also act to reduce glucocorticoid feedback sensitivity, facilitating the exponential increase in fetal plasma ACTH and cortisol concentrations that occurs near term. The profile of central MR and GR expression is different in species that give birth to immature young. In the rat, GR and MR in the brain are low throughout gestation, but increase rapidly after birth, consistent with the postnatal nature of brain and HPA development in this species (Diaz et al. 1998) . However, there are distinct developmental profiles for GR and MR in the fetal rat brain. GR mRNA is present in the hippocampus, hypothalamus and pituitary by gestational day 13 (term ∼21 days), and levels increase around term. In contrast, hippocampal MR is not detectable until gestational days 16-17 (Diaz et al. 1998; Kretz et al. 2001) .
GR mRNA is present in the metanephros, gut, muscle, spinal cord and dorsal root ganglia, periderm, sex chords of the testis, and adrenal of the human embryo by 8-10 weeks of life (Costa et al. 1996; Condon et al. 1998) . High levels of GR mRNA are present in the human fetal lung by 12 weeks of gestation. Unfortunately, there is no information regarding developmental changes in GR expression in the human fetus later in gestation or at any stage in the developing fetal brain. In summary, it is clear that normal development of GR and MR expression follows an ordered temporal and spatial profile, and that this is highly species-specific.
Programming of the HPA axis: prenatal stress
Guinea pigs. Early studies demonstrated that a single maternal exposure (3 h) to a strobe light stressor on day 60 of gestation (term ∼70 days) in the guinea pig resulted in adult offspring with reduced basal and activated HPA function (Cadet et al. 1986 ). We have shown that an acute period (48 h) of maternal nutrient restriction during the period of maximal fetal brain growth (day 50 of gestation) in the guinea pig, results in young adult offspring with modified HPA function in adult life and that this effect is highly sex-specific ). Restriction of maternal nutrient intake (48 h) resulted in a 50% decrease in fetal plasma glucose concentrations and intrauterine growth restriction (IUGR). This treatment significantly increases maternal cortisol secretion (Lingas et al. 1999 ), which in turn reaches the fetus and modifies fetal HPA activity (Lingas et al. 1999; Go et al. 2001) . Adult male guinea pigs born to nutrient-restricted mothers exhibit reduced basal and stress-induced HPA activity. In contrast, young adult female offspring from the same litters exhibited elevated basal and activated HPA function . In a more recent study, we have demonstrated that short focused exposure of maternal psychological stress (high frequency strobe light; 3 × 2 h), at critical times of fetal brain development, result in adult offspring that exhibit altered HPA regulation; however, more importantly the effects are highly specific to the stage of gestation at which pregnant mothers were exposed to stress (Kapoor & Matthews, 2005) . Twenty-four hour plasma sampling revealed that adult male offspring born to Twenty-four hour plasma ACTH (A) and cortisol (B) concentrations (area under the curve, AUC; mean ± S.E.M.) in male offspring born to mothers that were undisturbed throughout pregnancy (Control), exposed to a strobe light on gestational days 50-52 (PS50) or gestational days 60-62 (PS60) * P < 0.05 PS50 versus control. C, plasma testosterone concentrations (mean ± S.E.M.) in the same male offspring * P < 0.05 PS50 versus control. Adapted from Kapoor & Matthews (2005) with permission from Blackwell Publishing Ltd.
mothers exposed to PS (3 × 2 h) on gestational days 50-52 (maximal brain growth) exhibited elevated basal adrenocortical activity, while those born to mothers exposed to PS on gestational days 60-62 exhibited normal basal adrenocortical activity but heightened adrenocortical responsiveness to challenge (Fig. 3) . Interestingly, the adult males born to mothers exposed to stress at gestational day 50 also exhibited a 70% reduction in plasma testosterone concentrations (Kapoor & Matthews, 2005) . Testosterone has an inhibitory effect on HPA axis function by decreasing arginine vasopressin (AVP) levels in the median eminence (Viau & Meaney, 2004) . It is possible that the elevation in basal adrenocortical activity in offspring whose mothers were exposed to PS on gestational day 50 is in part mediated by the decrease in plasma testosterone in these animals. Studies are currently underway to determine the influences of PS at various stages of gestation on HPA function in female offspring.
Rats. In rat offspring, PS is generally associated with increased peak and/or extended pituitary-adrenal response duration, though there are many variations to this general pattern (Weinstock, 2005; Koenig et al. 2005) . The majority of studies have been undertaken in male offspring and this has represented a limitation. It is now emerging that very significant sex differences in endocrine outcome exist following PS and other early manipulations of the fetal environment. Basal plasma ACTH and corticosterone concentrations are elevated in female rats born to PS dams (Peters, 1982; McCormick et al. 1995; Weinstock et al. 1998; Ward et al. 2000) , and this is associated with adrenal hypertrophy (Ward et al. 2000) . However, other studies have failed to report increased basal HPA activity following PS (Kay et al. 1998) . These differences between studies may result from differences between the PS protocols adopted
The Physiological Society as well as variation in the time of day when blood samples were taken. In this regard, PS has been shown to cause a phase shift in the circadian corticosterone rhythm in adult offspring (Koehl et al. 1997 (Koehl et al. , 1999 . Few studies have compared the impact of PS on HPA activity in male and female offspring using identical prenatal protocols and results have been variable (Weinstock et al. 1992; McCormick et al. 1995; Koehl et al. 1999; Szuran et al. 2000) . Basal ACTH, but not corticosterone, is elevated in adult female offspring born to prenatally stressed dams and pituitary-adrenocortical responsiveness to stress is elevated in these animals (McCormick et al. 1995) . In contrast, basal HPA activity is not different and responses to stress are reduced in male offspring born to PS mothers (McCormick et al. 1995) . Another study, utilizing a similar PS protocol has reported increased basal and stress-stimulated corticosterone concentrations in adult female but not male offspring (Szuran et al. 2000) . A recent study has extended these observations, showing that corticosterone responses to stress are increased in female but not male PS offspring, and that habituation to repeated stress is prevented in male offspring whose mothers were exposed to PS (Bhatnagar et al. 2005) . Interestingly, no habituation was identified in females in either control or PS offspring. Studies in the rat indicate that the female HPA axis may be more susceptible to PS-induced programming. It is also clear that there is tremendous variability in HPA outcome following PS in male offspring. This is not surprising given the wide spectrum of experimental approaches used to induce stress in the pregnant dams and the variability in methods used to activate HPA function in the offspring. With respect to the latter, activation of distinct central neuronal pathways are known to be stress-specific (Herman et al. 1996; Pacak & Palkovits, 2001) . The development of each of these pathways is probably affected in a unique fashion by PS. Interestingly, a recent study has demonstrated that PS over the last 4 days of gestation results in young adult male offspring that exhibit reduced plasma testosterone concentrations (Gerardin et al. 2005) . While adrenal weight was shown to be decreased in these animals HPA function was not assessed. The reduction in testosterone following PS is similar to that described in the guinea pig above (Kapoor & Matthews, 2005) , though the relationship to altered HPA function is less clear.
Primates and other species. Prenatal stress in pregnancy has been shown to modify HPA function in offspring of other species, including primates, cows, goats and pigs. In the monkey, juvenile offspring whose mothers were repeatedly exposed to unpredictable noise during mid-to late gestation (days 90-145) in a novel cage exhibited higher plasma ACTH levels under both basal and stressed conditions and significantly elevated basal plasma cortisol concentrations (Clarke et al. 1994) . A more recent study has determined that juvenile monkeys born to mothers exposed to 6 weeks of PS (daily acoustic startle) in early (gestational days 50-92) or late (gestational days 105-147) exhibit increased basal cortisol concentrations and reduced inhibition following overnight dexamethasone suppression (Coe et al. 2003) . Interestingly, there did not appear to be an effect of the timing of PS exposure in this study. In calves whose mothers were subjected to transport stress during pregnancy, clearance of cortisol was slower than in controls and pituitary weights significantly increased (Lay et al. 1997a,b) . In goats, repeated transport in the last third of pregnancy had no effect on basal cortisol concentrations in goat offspring but did significantly influence the sympatho-adrenomedullary system (Roussel et al. 2005) . In pigs, stimulation of maternal cortisol release by weekly maternal ACTH injections in pregnant sows for 6 weeks resulted in offspring (60 days of age) with a higher adrenal cortex : medulla ratio. Under stressful conditions, the pigs in the maternal ACTH-treated group also showed significantly higher plasma cortisol responses (Haussmann et al. 2000) . A more recent study has shown that the HPA outcome in pigs following prenatal manipulation of maternal glucocorticoid concentrations is dependent on the timing of exposure (Kranendonk et al. 2005) . Offspring (6 weeks old) whose mothers were treated with hydrocortisone in mid-gestation exhibited elevated basal salivary cortisol levels, while those exposed in early and late gestation exhibited normal basal cortisol but attenuated responses to an ACTH challenge. These studies again indicate that the timing of manipulation is critical. Maternal social stress during pregnancy in pigs results in female offspring (67 days of age) that exhibit elevated salivary cortisol responses to social mixing (Jarvis et al. 2006) . The effects of PS on domestic species are becoming increasingly recognized as there are clearly implications for animal production efficiency.
Humans. While a number of studies have linked maternal stress/anxiety during pregnancy to behavioural deficits in children (for recent reviews, see Weinstock, 2005; Austin et al. 2005; Van den Bergh et al. 2005) , very few studies have considered the function of the HPA axis. A recent study undertaken in a sample of 10-year-old children from the Avon Longitudinal Study of Parents and Children (ALSPAC) has demonstrated for the first time a significant link between prenatal anxiety, particularly in late pregnancy, and individual differences in salivary cortisol (O'Connor et al. 2005) . A relatively small study has also identified a link between maternal anxiety and salivary cortisol in children at 5 years of age. Children whose mothers exhibited higher levels of morning cortisol during pregnancy, and more fear of bearing a handicapped child, showed higher levels of salivary cortisol (Gutteling al. 2005) . The same group showed similar associations in another group of children at 4-6 years of age (Gutteling et al. 2004) . Clearly further studies are required to fully understand the relationship between PS/anxiety during pregnancy and HPA function in human children and adults.
Altered central HPA regulation. Alterations of HPA activity following PS probably involves modification of regulation of central drive to the HPA axis. This may include altered expression of central GR and MR systems. Juvenile and adult rats born to PS mothers exhibit reduced hippocampal GR and MR expression which is associated with a marked increase in stress-level plasma corticosterone and a longer duration in corticosterone response (Henry et al. 1994; Maccari et al. 1995; Barbazanges et al. 1996; Koehl et al. 1997) . Piglets whose mothers were subjected to PS (daily restraint, last 5 weeks of gestation) exhibit reduced hypothalamic GR binding sites but increased hippocampal GR sites with no effect on the hippocampal MR possibly indicating decreased negative feedback at the PVN and enhanced facilitation of the HPA response (Kanitz et al. 2003) . Some studies also indicate the possibility that programming of GR and MR, like the HPA axis, is sex-specific with the effect of prenatal glucocorticoids being greater in female offspring. In a study in which rats were subjected to stress throughout pregnancy, only female offspring born to PS mothers showed significantly fewer hippocampal GR binding sites indicating reduced GR density (Weinstock et al. 1992) . Lower hippocampal GR binding has implications for hippocampal negative feedback and termination of the pituitary-adrenal response following activation. When pregnant rats were stressed daily during the last week of pregnancy (days 15-19) by restraint, female offspring once again showed higher basal corticosterone levels and a lower density of hippocampal GR (Szuran et al. 2000) . Interestingly, in our studies where 48 h maternal nutrient restriction (gestation day 50) was shown to modify HPA function in adult guinea pig offspring, there were no significant differences in MR and GR expression in the hippocampus or PVN, but a significant reduction of GR expression in the anterior pituitary . Together these data suggest that multiple mechanisms are involved in the programming of HPA function following maternal exposure to stress in pregnancy. Clearly further work is required to unravel these mechanisms.
How are PS effects transduced to the fetus
Maternal stress leads to numerous cardiovascular and endocrine changes in the mother, including increases in plasma ACTH, β-endorphin, glucocorticoid and catecholamine concentrations. The placenta forms a structural and biochemical barrier to many of these maternal factors, though a number will still enter the fetus. There may also be indirect effects on the fetus via modification of placental function. For example, maternal glucocorticoids will probably stimulate corticotrophin-releasing hormone (CRH) production by the placenta (in species where the placenta produces CRH) which will in turn also activate the fetal HPA axis (Challis et al. 2000) . In addition, increased maternal catecholamine concentrations will lead to constriction of placental blood vessels and may lead to fetal hypoxia (Ohkawa et al. 1991) , which will in turn activate the fetal HPA axis (Challis et al. 2000) . It is also possible that fetal hypoxia will lead to activation of the fetal sympathetic nervous system, a system that has also been shown to be programmed by the early environment (for review see Young, 2002) . Programming of the sympathetic nervous system and neurotransmitter systems in the brain will ultimately lead to altered physiological responses to stress in offspring.
While other factors are doubtless important, glucocorticoids have become a popular candidate for mediating the effects of PS on HPA function and behaviour after birth. Maternal and fetal plasma corticosterone are significantly elevated after maternal stress in rats (Takahashi et al. 1998; Koehl et al. 1999 ). In the guinea pig, cortisol concentrations in the maternal plasma are 10-fold those in the fetus; PS results in significant increases in plasma glucocorticoid concentrations in both mother and fetus (Dauprat et al. 1984; Cadet et al. 1986 ). Interestingly, an earlier study demonstrated that greater glucocorticoid transfer occurs across the placenta of female compared to male fetuses (Montano et al. 1993 ). This may account, in part, for the increased effects of PS in female offspring. It is also known that there are increases in basal maternal HPA activity and plasma glucocorticoid concentrations in many species in late gestation (Challis et al. 2000; Dunn et al. 2005) . While changes in maternal plasma corticosteroid-binding globulin (CBG) will, in part, compensate by binding the increased circulating cortisol, maternal free cortisol concentrations do increase significantly in the second half of gestation (Dunn et al. 2005 ). In addition, elegant studies have shown a reduced maternal responsiveness to stress in late gestation (Brunton et al. 2005; Ma et al. 2005) . Together, increased basal maternal HPA activity and reduced responsiveness to stress may account for the timing-specific impact of PS on HPA function in offspring later in life.
Under normal circumstances, access of maternal endogenous glucocorticoid (corticosterone or cortisol) to the fetus is low. This results from the placental expression of 11β-hydroxysteroid dehydrogenase (11β-HSD) (Burton & Waddell, 1999) . 11β-HSD interconverts cortisol and corticosterone to inactive products (cortisone, 11-dehydrocorticosterone). There are two isoforms, 11β-HSD type 1 which is bi-directional and, type 2 which is uni-directional (cortisol to cortisone). The efficiency of placental 11β HSD2 varies amongst species; however, it is generally accepted that placental 11β-HSD2 is of primary importance in excluding maternal endogenous glucocorticoid from the fetus. Indeed, it has been shown in the guinea pig that there is a decrease in placental 11β-HSD2 in the final approach to birth and this is associated with increased transfer of maternal cortisol to the fetus (Sampath-Kumar et al. 1998) . The impact of PS on placental 11β-HSD2 expression has not been well characterized; however, a recent study has indicated that PS can influence placental 11β-HSD2 activity (Welberg et al. 2005) . Also, placental 11β-HSD2 activity is reduced in human intrauterine growth-restricted (IUGR) pregnancies (McTernan et al. 2001) .
A number of approaches have been used to determine the role of maternal glucocorticoids in the programming of HPA function during PS. In one study, pregnant rats were adrenalectomized and basal levels of corticosterone replaced. In this group, PS had no effect on HPA function in the adult offspring (Barbazanges et al. 1996) , suggesting that maternal glucocorticoid, or a factor stimulated by glucocorticoids, passes to the fetus to mediate PS-induced changes in HPA function. Further support for the 'glucocorticoid hypothesis' has been provided by an elegant series of studies in which 11β-HSD activity was pharmacologically manipulated. Blockade of 11β-HSD during pregnancy, and therefore an increased transfer of glucocorticoid from mother to fetus, results in offspring that exhibit elevated basal and stress-stimulated HPA activity (for review see Seckl et al. 2000) .
The fact that glucocorticoids play a central role in the programming of HPA function logically leads one to question the impact of synthetic glucocorticoid administration during pregnancy. Approximately 7% of pregnant women are at risk of preterm labour in the western world. These women are routinely treated with synthetic glucocorticoids at between 24 and 34 weeks gestation to reduce respiratory distress syndrome in newborns. The two most commonly administered synthetic glucocorticoids are betamethasone and dexamethasone. Although there have been no reports of adverse effects of a single dose of antenatal glucocorticoid treatment in children, evidence is emerging that multiple courses may have negative neurological outcomes later in postnatal life (for review see Andrews & Matthews, 2003) . Surveys of obstetrical practice in Australia and the UK indicate that until recently repeated dose regimens have been common (Quinlivan et al. 1998; Brocklehurst et al. 1999) . In North America, a National Institutes of Health consensus update conference (Gilstrap, 2001 ) recommended limiting the use of multiple doses to ongoing clinical trials and similar recommendations have been made in Europe.
Unlike the situation for endogenous glucocorticoids, synthetic glucocorticoids are not metabolized by placental 11β-HSD2. However, emerging evidence suggests that the multidrug resistance protein P-glycoprotein (P-gp) may play a role in limiting entry of maternally administered synthetic glucocorticoids to the fetus Kalabis et al. 2005) . Notwithstanding, synthetic glucocorticoids do enter the fetal circulation (Moss et al. 2003) . It is important to identify the significant physiological differences between fetal exposure to increased endogenous glucocorticoid and synthetic glucocorticoids. Endogenous glucocorticoids bind to both GRs and MRs as described above, and effects on the fetal brain are probably mediated by both of these receptors. In contrast, synthetic glucocorticoids bind predominantly to the GR as the MR has low affinity for synthetic glucocorticoids. In addition to binding to classic GR, synthetic glucocorticoids may also bind to neurosteroid receptors in the brain (Kliewer et al. 1998 ).
Programming of the HPA axis: synthetic glucocorticoids
Guinea pigs. Administration of dexamethasone to pregnant guinea pigs during the period of maximal brain growth (gestational day 50; term ∼70 days) alters corticosteroid receptor expression in the developing limbic system in both a region-and a sex-specific manner . We have shown that repeated antenatal dexamethasone exposure decreases fetal cortisol concentrations and hypothalamic CRH mRNA expression (McCabe et al. 2001) . These studies indicate that synthetic glucocorticoids enter the fetal brain. Similar repeated maternal treatment with synthetic glucocorticoids programmes HPA function in young postpubertal adult guinea pig offspring in a sex-specific manner. Young adult male offspring (∼75 days of age) display reduced basal and activated plasma cortisol levels, associated with an increased hippocampal expression of MR mRNA (Liu et al. 2001) . In contrast, adult female offspring exposed to the same prenatal treatment exhibit increased basal and activated plasma cortisol levels in the follicular and early luteal phases, while the effect is reversed in the late luteal phase (Liu et al. 2001) . Plasma testosterone concentrations were almost doubled in young adult male offspring whose mothers were treated with glucocorticoids in late pregnancy (Liu et al. 2001) . Testosterone inhibits HPA function (Viau, 2002) , thus the reduction in HPA function that we have reported in adult male guinea pigs following synthetic glucocorticoid exposure is probably modulated, at least partially, by increased testosterone concentrations. Further studies are required to identify the impact of prenatal synthetic glucocorticoid treatment on development and subsequent function of the hypothalamo-pituitary-gonadal (HPG) J Physiol 572.1 axis, particularly with respect to the interaction between the HPG and HPA axes in both males and females. In more recent studies, we have shown that the effects of prenatal synthetic glucocorticoid exposure appear to change as a function of age. When male guinea pig offspring whose mothers had been treated in a similar fashion to that described above (Liu et al. 2001) were assessed at 150 days rather than in young adulthood (∼75 days), the effects on HPA function and feedback regulation were quite different. Basal plasma cortisol concentrations were not different between prenatal treatment groups and plasma testosterone concentrations were normalized. Interestingly, hippocampal MR mRNA remained elevated in animals that had been exposed to synthetic glucocorticoids in utero. Together these observations would suggest that the increased testosterone was an important factor in the inhibition of HPA activity in the males that had been prenatally exposed to dexamethasone . Also, the older animals became hypertensive, exhibiting increased mean arterial pressure. Hippocampal MR has been implicated in cardiovascular regulation, and we suggest that the increased MR mRNA observed in these animals may be, in part, responsible for the increase in blood pressure. Further studies are required to explore this possibility.
Rats. In the rat, daily treatment with synthetic glucocorticoids in the third week or throughout gestation (∼22 days) results in elevated basal plasma corticosterone levels in adult male offspring (Levitt et al. 1996; Welberg & Seckl, 2001) . This is associated with increased blood pressure in adulthood. In another study, maternal synthetic glucocorticoid treatment on gestational days 17, 18 and 19 resulted in adult male offspring that show mount increased corticosterone responses to stress (Muneoka et al. 1997) . More recently, a comprehensive study has determined in adult male offspring that prenatal synthetic glucocorticoid exposure leads to significant increases in basal morning (08.00 h) plasma ACTH and corticosterone concentrations whereas levels at the evening (20.00 h) diurnal peak were similar to controls. No effect of prenatal dexamethasone exposure on HPA function was observed in adult female offspring, indicating striking sex differences in the rat (O'Regan et al. 2004) . Interestingly, synthetic glucocorticoid treatment on gestational days 17 and 19 did not alter basal HPA function in prepubertal offspring, though there were differences in the ratio of AVP and CRH in the median eminence of these young rats (Bakker et al. 1995) , suggesting that programmed changes in HPA function may develop as animals mature postnatally.
The mechanisms that underlie the programming of adult HPA function are dependent on dose and timing of exposure (Welberg & Seckl, 2001) . Adult male rat offspring whose mothers were exposed to synthetic glucocorticoid in the last week of gestation exhibit reduced hippocampal GR and MR expression and no change in GR expression in the PVN. The reduced hippocampal glucocorticoid feedback sensitivity in these animals is associated with increased levels of CRH mRNA in the PVN, and an overall elevation of HPA activity. In contrast, in offspring born to mothers treated daily with synthetic glucocorticoid throughout pregnancy there are no changes in hippocampal corticosteroid receptors, but increased MR and GR mRNA in the basolateral nucleus of the amygdala. From previous descriptions of the excitatory influence that central amygdaloid GR occupation may exert over HPA activity (Herman & Cullinan, 1997) these data would suggest that long-term exposure to synthetic glucocorticoids in utero may increase forward drive to the HPA axis (Welberg & Seckl, 2001) . Glucocorticoid feedback may also be altered as a result of local free intrahippocampal cortisol concentrations. It has recently been shown that daily maternal treatment with dexamethasone over the last week of gestation results in an increase in intrahippocampal 11β-HSD1 concentrations in the first week of neonatal life (Wan et al. 2005) . This enzyme amplifies the glucocorticoid effect by converting biologically inactive 11-ketone metabolites into active glucocorticoid. Whether the effect identified in newborn rats persists into adulthood remains to be determined.
Another recent study has elegantly demonstrated that perinatal exposure to dexamethasone has profound effects on pituitary morphology in adult offspring. Fetal exposure to glucocorticoids resulted in a significant reduction in corticotroph number and granule migration, while effects in the early neonatal period were less profound (Theogaraj et al. 2005) .
Primates and other species. A longitudinal analysis in sheep has also identified that prenatal synthetic glucocorticoid exposure is associated with alterations in HPA function that vary as a function of age (Sloboda et al. 2002) . A single maternal injection of betamethasone on gestational day 104 had little effect on HPA function in offspring at 6 months of age but led to offspring with significantly elevated basal and stimulated plasma cortisol concentrations at 1 year of age. The fact that the effects of prenatal synthetic glucocorticoid change over time indicate the importance of studying outcome at several different times during the life course.
While a number of sophisticated studies undertaken in rats, sheep and guinea pigs have shown long-term profound effects on HPA function, care must be applied in extrapolation to the human due to variability in neurodevelopmental profiles. Limited studies have been undertaken to establish the long-term effects of fetal exposure to synthetic glucocorticoids on HPA function in the primate (Uno et al. 1994) . Pregnant rhesus monkeys were treated daily with dexamethasone (4 × 1.25 mg kg −1 ) commencing on 132 days of gestation. Basal and stress-stimulated cortisol levels were elevated in the offspring (10 months of age) born to dexamethasone-treated mothers (Uno et al. 1994) .
Collectively, these studies demonstrate how short-term fetal exposure to synthetic glucocorticoids can effectively programme HPA function.
Humans. Virtually nothing is currently known about the impact of prenatal synthetic glucocorticoid exposure on HPA function in human infants, children or adults. A very recent report of follow-up in the original antenatal betamethasone trial indicates that there was no clinical effect on cardiovascular risk factors at 30 years of age, though there were indications of insulin resistance, particularly in women (Dalziel et al. 2005) .
Transgenerational effects of prenatal glucocorticoid exposure
Recently, we have determined that repeated exposure to antenatal glucocorticoids leads to transgenerational effects on HPA function and behaviour . Female and male offspring (F 2 ) born to mothers (F 1 ) that had been exposed to synthetic glucocorticoid during the F 0 pregnancy, but had themselves gone through an undisturbed pregnancy, exhibited significant reductions in basal and stress-stimulated salivary cortisol levels. Interestingly, reproductive capacity was significantly affected in the F 1 females that had been exposed to synthetic glucocorticoid during fetal life (F 0 pregnancy) (Dunn et al. 2005) . Though, to our knowledge, no other studies have investigated transgenerational influences of prenatal synthetic glucocorticoid exposure on HPA function, another study has identified transgenerational influences on liver enzyme function (Drake et al. 2005) . The mechanisms by which transgenerational programming takes place remain to be elucidated though they probably involve epigenetic effects along with altered maternal endocrine and cardiovascular adaptation to pregnancy. Further studies are clearly warranted.
Mechanisms of HPA programming
From the above discussion, it would appear that the programming of HPA function involves modification of glucocorticoid negative feedback at the level of the limbic system, hypothalamus and pituitary, but that the effect at each of these sites is dependent on the duration and timing of the manipulation. An elegant series of studies in the rat has provided further mechanistic insight on HPA programming. Handling of neonatal rats in the first 2 weeks of life results in elevated hippocampal GR, increased glucocorticoid negative feedback and a reduction in HPA activity when animals reach adulthood. This up-regulation of hippocampal GR appears to involve an elevation of serotonin (Meaney et al. 2000) . Indeed, serotonin has been shown to up-regulate GR mRNA and binding in primary cultures of embryonic hippocampal cells from mice, rats and guinea pigs (Meaney et al. 2000; Erdeljan et al. 2001 Erdeljan et al. , 2005 . This effect is mediated via serotonin (5-HT 7 ) receptors and appears to be permanent involving altered methylation of the GR promoter (Meaney et al. 2000; Weaver et al. 2004) . Interestingly, this effect can be pharmacologically reversed in adulthood (Weaver et al. 2005) .
Neonatal handling also increases thyroid activity in the neonate, and thyroid hormone has been shown to increase serotonin turnover in the hippocampus. Therefore, it has been suggested that the ascending serotonin neurons are stimulated by thyroid hormones to increase hippocampal serotonin and thence GR expression (Meaney et al. 2000) . Interestingly, exposure of the fetal guinea pig to synthetic glucocorticoid causes a significant increase in fetal plasma thyroid hormone concentrations and up-regulates GR mRNA . Further, prenatal synthetic glucocorticoid exposure advances maturation of the serotonin transporter system in the developing rat brain (Slotkin et al. 1996 (Slotkin et al. , 2005 . Together these data indicate that the ascending serotonergic system is probably involved in glucocorticoid-induced HPA programming during prenatal life. However, this is clearly not the only route by which prenatal glucocorticoid exposure influences HPA function. Many studies have identified influences of PS and synthetic glucocorticoid on other central neurotransmitter systems that are involved in the regulation of HPA function (Weinstock, 2005) . Further, both PS and synthetic glucocorticoids have been shown to have a long-term impact on brain structures, particularly in the hippocampus, which may in turn influence HPA function (for review see Owen et al. 2005) . As has been illustrated above, both PS and synthetic glucocorticoids can also influence the development and subsequent function of other neuroendocrine systems including the hypothalamo-pituitary-gonadal and the hypothalamo-pituitary-thyroid systems. Such modification will indirectly influence HPA function.
Clinical significance of programming the HPA axis
Alterations in the regulation of HPA activity throughout life will impact on adult health due to altered tissue exposure to endogenous glucocorticoids. Chronically elevated plasma cortisol has been associated with atherosclerosis, immunosuppression, depression and cognitive impairment, as well as elevated cholesterol levels and increased incidence of diabetes (Sapolsky et al. 2000; Lupien & Lepage, 2001) . At the level of the CNS, it is possible that a compromise in the J Physiol 572.1 developing hippocampus (i.e. reduction of pyramidal neurons or alterations in axonal/dendritic processes and synaptogenesis), associated with synthetic glucocorticoid exposure, may decrease the age at which hippocampal deficits (associated with normal ageing) are first noted. Prenatally programmed increases in HPA function will exacerbate this hippocampal deficit, and in turn lead to further increases in HPA function (due to reduced glucocorticoid negative feedback; see Fig. 1 ). In this regard, there is a reduction in the efficiency of glucocorticoid feedback as humans age, resulting in extended HPA responses to stress and elevated exposure to cortisol. This has been linked to a reduction in hippocampal volume and impaired cognitive ability (Lupien & Lepage, 2001 ). For these reasons, follow-up studies in humans and animal models, to investigate the impact of PS and synthetic glucocorticoid exposure, may fail to identify significant functional deficits in the hippocampus until adulthood or early old age.
Conclusions
The prenatal environment has profound influences on endocrine function throughout life. These effects appear to be highly dependant on the timing of exposure. In this regard, we provide evidence that specific phases of brain development are probably more susceptible to the programming effects of an adverse intrauterine environment and/or prenatal exposure to glucocorticoids. Emerging evidence indicates that effects are highly sex-dependent reinforcing the importance of follow-up studies in males and females. Prolonged elevation of HPA function is detrimental and can lead to long-term pathologies including cardiovascular, metabolic and cognitive/behavioural dysfunction. The mechanisms of endocrine programming are complex involving multiple pathways and complex hormonal and neuronal interactions. Finally, it is clear that a number of dramatic events occur within the normal brain in the final approach to term, and further detailed studies are required to better understand the role of this final maturation in the function of the brain after birth.
